Arginase (CARI) gene expression in Saccharomyces cerevisiae is induced by arginine. The 5' regulatory region of CAR) contains four separable regulatory elements-two inducer-independent upstream activation sequences (UASs) (UASCl and UASC2), an inducer-dependent UAS (UASJ), and an upstream repression sequence (URSI) which negatively regulates CA4R and many other yeast genes. Here we demonstrate that three homologous DNA sequences originally reported to be present in the inducer-responsive UASI are in fact three exchangeable elements (UASI.A, UASI-B, and UASI.C). Although two of these elements, either the same or different ones, are required for transcriptional activation to occur, all three are required for maximal levels of induction. The elements operate in all orientations relative to one another and to the TATA sequence. All three UAS, elements bind protein(s); protein binding does not require arginine or overproduction of any of the putative arginine pathway regulatory proteins. The UASI-protein complex was also observed even when extracts were derived from arg80/argRI or arg81/argRll deletion mutants. Similar sequences situated upstream ofARG5,6 andARG3 and reported to negatively regulate their expression are able to functionally substitute for the C4RI UASJ elements and mediate reporter gene expression.
15). The balance is then tipped in the direction of expression when arginine is present, or quiescence when it is not, by operation of the inducer-dependent UASJ element (11) (12) (13) (14) (15) .
Observations by Kovari et al. demonstrated that three separable elements probably participate in induced expression mediated by UAS, (11, 34) . These experiments localized the three elements to three homologous sequences (nucleotides -233 to -223, -209 to -199, and -170 to -160 [11] ). However, little more is known about these putative elements, the proteins required for their operation, and whether they are functionally related. Therefore, we investigated the structure of UAS, and its component parts in greater detail. We found that (i) UASJ consists of three 27-bp interchangeable elements that operate with different efficacies, (ii) only two of the three homologous elements are required at once for minimal UAS function, (iii) these elements operate in orientation-independent fashion both with respect to one another and with respect to the TATA sequence, and (iv) a protein specifically binds to the UAS, elements reported here and possesses characteristics quite different from those of the protein reported earlier (16) .
(These results have been presented in part earlier [34] .) 6832 VILJOEN ET AL. Oligonucleotides used in this work as labeled probes, competitors, and DNA fragments cloned into heterologous expression vector pHP41 (22) . Relevant elements are indicated with brackets. The arrows indicate the orientations of the elements. Mutations in the elements (mt) are denoted with lowercase letters. Only one strand of the two-stranded DNA fragments we used is shown here for simplicity. In addition to the bases depicted in this figure, each strand shown also contained the 5' extension 5'-TCGA-3'. Analogously, the opposite strand contained the 5' extension 5'-GGCC-3'. These extensions were for cloning purposes.
MATERIALS AND METHODS
Strains and media. S. cerevisiae M1682-19b (A4Ta ura3-52 trpl-289) was used throughout this work. Cloning procedures were performed with Escherichia coli HB101 (hsdS20 leuB supE44 ara-14galK2 lacYl proA2 rpsL20xyl-5 mtl-l recA13 mcrB). Yeast cell protein extracts were prepared from cells grown in liquid YPD medium as described earlier (12, 15 Cloning and DNA fragments for EMSAs. Oligonucleotides used for cloning and electrophoretic mobility shift assays (EMSAs) were prepared as described earlier (11, 12) and appear in Fig. 1 . Synthetic DNA fragments were cloned into the EagI and Sall sites of plasmid pHP41, which contains the CENIV-ARS1 replication system and has been described in detail elsewhere (22) . The structures of all clones were verified by DNA sequence analysis (32) . and arg8l/argRII deletion mutants is shown in Fig. 2 . The structures of these deletion mutants were verified by Southern blot analysis before they were used.
INDUCER-RESPONSIVE UAS OF THE YEAST CARI GENE
13-Galactosidase assays. P-Galactosidase assays were performed in duplicate and also from duplicate or triplicate independent transformants by using the procedures and precautions described in detail earlier (11) . Enzyme activities were expressed in units as defined by Miller (21) , with the modification that 25-ml cultures were collected for assay. The values reported here are not quantitatively comparable with those of earlier publications concerning the CARI gene (4, 11-13, 15, 22) , because of strain differences and because in the earlier studies a Gilford Response spectrophotometer was used for measurement of culture cell density (lightscattering measurements), whereas in the present work a Beckman DU50 instrument was used for these measure Fig. 1 and 3 ). All three constructions assayed were identical except for the location of the point mutation. As shown in Fig. 3 61-to 39-fold. Analogous mutations in UASIB (plasmid pMV167) and UASI-C (plasmid pMV168) resulted in 10-and 20-fold decreases, respectively. In these instances, only 5.5-and 3.9-fold inductions were observed, respectively. The triple mutant and vector alone exhibited no significant response to the presence of arginine. These results confirmed the conclusions of our earlier experiments and suggested that each of the three homologous sequences in UAS, was required for full UAS, activity.
If the UASI-A, UASI-B, and UASI-C elements are indeed functionally equivalent, though of different efficacies, it should be possible to exchange any one of them for another. In other words, from the mutational data shown in Fig. 3 The specifically competable DNA-protein complexes observed in this experiment were different from the one reported by Messenguy et al., which could not be observed in protein preparations derived from an arg8l/argR!I disruption mutant (16) . The protein-DNA complexes we observed were present when extracts from argRI and argRII deletion mutants were used as the source of protein (Fig. 6, lanes A  to I, complex 6 ). Hence, they were not dependent on either ARGRI or ARGRII products.
Lack of orientation specificity of the UASI_A, UASI-B, and UASI C sequences. Portions of the UASIB and UASI-C sequences, respectively (see Fig. lOB) , could be folded into a hairpin loop (11, 16) . However, the fact that three rather than two sequences participated in UASI-mediated inducible CARI expression led us to suspect that it was unlikely for a hairpin loop to function in transcriptional activation mediated by UAS,. However, if a hairpin loop were absolutely required for transcriptional activation, then a similar absolute orientation specificity would exist because the elements were so close together. We tested the orientation requirements by placing the UASIB and UASI-C elements in all possible orientations with respect to one another. As shown in Fig. 7 functionally substitute for them, we assessed whether they were able to yield similar protein-binding characteristics in the EMSA. As shown in Fig. 9 , the ARG5,6 and ARG3 fragments also formed multiple protein-DNA complexes in the EMSA. Some of these complexes possessed mobilities similar to those observed with the UASI-A, UASI B, and UASI-C fragments, but several prominent differences were also apparent. This is even more clearly seen in Fig. 6 Fig. 10A ). In addition, mutation of the arg80argRI, arg8lIargRII, and arg82/argRIII loci generate pleiotropic effects on expression of both the catabolic CAR genes and the anabolicARG genes (7, 8, 24, 25) . Therefore, it was reasonable to question whether the ARG5, 6 and ARG3 sequences could function in place of the CARI UASI sequences to mediate arginineinducible gene expression. This question was tested by assaying the ability of ARGS,6 and ARG3 sequences to substitute for the CARI UASIA, UASI-B, and UASI-C elements. The precise structures of the substitutions are shown in Fig. 1 . As shown in Fig. 8 , the CARl-homologous sequences derived from ARG5,6 (nucleotides -127 to -101) effectively substituted for CARI UASIB (plasmids pMV143 and pMV153) and equivalently substituted for CARI UASI-C (plasmids pMV143 and pMV155). The CARl-homologous ARG3 sequences substituted much less effectively (plasmids pMV143, pMV149, and pMV151). cis-dominant mutations :n " v 1r J to 0. The wild-type UASI-C fragment was an effective competitor of DNA fragments from either ARGS, 6 orARG3 for protein binding. Also note that the same complexes were observed with ARGS, 6 and ARG3 DNA fragments whether wild-type arg8O/argRI, or arg81IargRII deletion mutant extracts were used as sources of protein (Fig. 6 , lanes J to 0).
DISCUSSION
The work described here indicates that inducer-responsive CA4RI UAS, consists of three similar elements, UASIA, UASIB, and UASIc ( Fig. 1OA and 11 proposed by Kovari et al. (11) . In addition to the three 27-bp UAS1 elements described in this article, a further nine specific protein-binding sites have been previously reported to be present in the 5'-flanking region of CARI (Fig. 11) (12, 13) . They facilitate relation of the earlier work to that described in this article. The identities of the proteins binding to given sites are indicated below the sites when the information exists. T denotes the TATA sequence. URS, upstream repression sequence (15, 29) . markedly affect the kinds of mechanisms that can be considered for the integrated and concerted functioning of these elements to accomplish regulated CARI gene expression.
